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Growing evidence suggests that FGFs secreted
from embryonic signaling centers are key mediators
of cell survival. However, the mechanisms regulating
FGF-dependent cell survival remain obscure. At the
rostral end of the embryo, for example, ablation of
FGF signaling leads to the rapid death of the
precursor cells that form the anterior head, including
the telencephalon. Here, we outline a core genetic
circuit that regulates survival in the embryonicmouse
head: WNT signaling through b-catenin directly
maintains FGF expression and requires FGF function
in vivo to oppose proapoptotic TGF-b signaling
through SMAD4. Moreover, these antagonistic path-
ways converge on the transcriptional regulation of
apoptosis, and genes such as Cdkn1a, suggesting
a mechanism for how signaling centers in the embry-
onic head regulate cell survival.
INTRODUCTION
Signaling centers, small groups of cells at the edge of tissues
that secrete inductive factors, play key roles in the development
ofmany organs across species. In caseswhere fibroblast growth
factors (FGFs) mediate the activity of a signaling center, for
example in the emerging mid-hindbrain, limbs, and branchial
arches, ablation of FGF signaling can result in massive cell death
and loss of the tissue (Chi et al., 2003; Mariani et al., 2008;
Trumpp et al., 1999). The requirement for FGF signaling in certain
early tissues indicates that the survival of their precursor cells is
not a default state, but needs to be actively maintained. It is thus
critical to decipher what factors regulate levels of FGF signaling
and what factors act downstream of FGFs to maintain cell
survival in these tissues.
Here, we focus on the anterior-most region of the embryo,
which also depends on FGF signaling for cell survival (Paek
et al., 2009). The anterior end of the embryo forms the rostral
craniofacial tissues and the telencephalon, precursor to theDevecerebral hemispheres. This part of the embryo is induced by
a signaling center located at the ridge between the anterior
most neuroectoderm and underlying ectoderm. This ridge is
required tomaintain the survival of anterior neural precursor cells
and it expresses several FGF ligands, including Fgf8 (Wilson and
Houart, 2004; He´bert and Fishell, 2008). At least in zebrafish,
this ridge also expresses the Wingless-int (WNT) antagonist tlc
which like the ridge induces telencephalic character, perhaps
by regulating FGF8, which itself can rescue telencephalic
character in the absence of a ridge (Houart et al., 2002, 1998;
Shimamura and Rubenstein, 1997). However, knocking out Fgf8
in the ridge does not lead to loss of the telencephalon and
surrounding craniofacial tissue, probably due to compensation
by the other Fgf genes. Consistent with this possibility, ablating
FGF signaling in the anterior embryo by deleting the three
expressed FGF receptor genes results in massive cell death
and a loss of the telencephalon and surrounding craniofacial
tissue (Paek et al., 2009).
Early development of the anterior embryo also involves other
secreted signals that are either mitogenic, such as WNTs, or
cytostatic and potentially apoptotic, such as members of the
TGF-b superfamily (Wilson and Houart, 2004). Although these
pathways are essential for patterning telencephalic neuroecto-
derm, their roles, if any, in regulating cell survival are unknown.
Moreover, how they might interact with FGFs in this process is
also unclear. In this study, we show that b-catenin-mediated
WNT signaling is indirectly required for early survival of telence-
phalic precursor cells by directly promoting FGF expression and
function. Moreover, the cell death observed with loss of b-cate-
nin and FGF activity is rescued by deleting Smad4, a mediator of
TGF-b signaling. Cdkn1a (p21Cip1) is a gene that is regulated by
SMAD signaling and that promotes cell cycle arrest and
apoptosis in other cell types (Gartel and Tyner, 2002; Seoane
et al., 2004). Interestingly, expression of Cdkn1a correlates
with cell death in the different mutants analyzed here. Moreover,
we find thatCdkn1a expression is regulated in part by b-catenin-
mediated suppression of SMAD binding to a cis-activating
element upstream of Cdkn1a. These results provide a core
circuit for how precursor cells in the anterior embryonic head
integrate and respond to multiple prosurvival and apoptotic
signals.lopmental Cell 20, 689–699, May 17, 2011 ª2011 Elsevier Inc. 689
Figure 1. b-Catenin-Mediated WNT Signaling Is Required for Cell Survival in the Anterior Embryo
(A) X-gal staining of 16-somite stage Tcf-lacZ mouse embryo. Tcf-lacZ expression is detected throughout the telencephalon with strongest staining in the
presumptive dorsal regions (n = 3/3). Scale bar: 500 mm.
(B) The telencephalic hemispheres are apparent in E10.5 controls but not Ctnnb1cko/cko mutants in which all anterior tissue is truncated (arrowhead). Scale bar:
500 mm.
(C) Serial horizontal sections from 16–18-somite stage control and Ctnnb1cko/cko mutant embryos (anterior up). The areas between the arrows are Foxg1-
expressing telencephalic precursors, as determined by in situ hybridization of serial sections (data not shown). TUNEL and activated caspase-3 immunostaining
revealed little staining (red) outside of the midline in controls (n = 3), whereas in mutants (n = 4) 20%–30% of telencephalic precursor cells were positive
(***: p < 0.0001 for TUNEL and p = 0.0002 for Casp3, mean ± SEM). Hoechst counterstain (blue). Scale bar: 100 mm.
(D) qRT-PCR analysis of the Tcf-lacZ transcript from 16–18-somite stage telencephalons from control (n = 5) and Ctnnb1cko/cko mutant (n = 5) embryos.
Ctnnb1cko/ckomutants had a 58% decrease in lacZ RNA compared with controls (p = 0.0028, mean ± SEM). Primers toGapdh and Hprt1were used to normalize
levels of RNA.
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b-Catenin-Mediated WNT Signaling Is Required for Cell
Survival in the Anterior Embryo
In vertebrates, a lack of canonical WNT signaling in the anterior
neural plate is necessary for telencephalon induction (Wilson
and Houart, 2004). Consistent with this view, no WNT signaling
can be detected at the time of telencephalon induction in the
anterior neural plate of mouse embryos that carry a transgenic
reporter gene for canonical WNT signaling, Tcf-lacZ (Mohamed
et al., 2004), and are stainedwith X-gal at the seven-somite stage
(see Figure S1A available online). However, Tcf-lacZ expression
is detected in telencephalic tissue at the ten-somite stage
subsequent to induction of the telencephalic marker Foxg1 and
Tcf-lacZ expression increases until at least the 16–18-somite
stage throughout the telencephalon with strongest staining in
the presumptive dorsal regions (Figure 1A; Figures S1A and
S1B). In embryos that do not carry Tcf-lacZ, no X-gal staining
is detected (Figure S1A). The timing of Tcf-lacZ expression
coincides with the onset of WNT ligand expression in the telen-
cephalon and suggests that although WNT signaling initially
inhibits telencephalon induction, it may shortly thereafter play
a role in the normal development of this tissue (Lee et al., 2000).690 Developmental Cell 20, 689–699, May 17, 2011 ª2011 Elsevier InTo address the role of WNT signaling in the anterior neural
plate subsequent to telencephalon induction, we deleted from
anterior precursor cells at the 13-somite stage the Ctnnb1
gene encoding b-catenin, a central intracellular mediator of
canonical WNT signaling. Mice carrying a conditional null allele
of Ctnnb1 in which exons 2 through 6 are floxed (Ctnnb1cko;
Brault et al., 2001) were crossed to mice carrying the Foxg1Cre
allele with which efficient recombination of floxed alleles occurs
reproducibly between the ten- and 16-somite stages in anterior
head precursor cells (He´bert and McConnell, 2000; Paek et al.,
2009; Storm et al., 2006). In all experiments described here,
Foxg1Cre-carrying heterozygous littermates served as negative
controls. Mutants were recovered at mendelian ratios until
E12.5 and at least some made it to birth but died soon afterward
presumably due to a failure to nurse. Mutants underwent normal
induction of the telencephalic marker Foxg1 (Figures S1B and
S2A), but at E10.5 when the bilateral hemispheres of the telen-
cephalon are apparent in controls, no telencephalic structure
could be identified in the mutants (Figure 1B). The loss of telen-
cephalic tissue was completely penetrant and essentially invari-
able in its severity (n = 55/55 mutants).
Cell death and proliferation were examined as potential
causes for the loss of telencephalic tissue. TUNEL and activatedc.
Figure 2. Cell adhesion is maintained at a time when precursor cells
are dying
(A) Anti-b-catenin immunostaining prominently labels the apical surface of
telencephalic neuroepithelial cells (arrowheads in A00) in 17-somite stage
control (n = 3/3) and Ctnnb1cko/cko mutant (n = 3/3) embryos. (A00) is a higher
magnification of the boxed area in (A0), which is a higher magnification of the
boxed area in (A). Scale bar: 100 mm.
(B and C) Likewise, immunostaining for ZO-1 and PAR3 is indistinguishable in
serial sections in control (n = 3/3) and mutant (n = 3/3) embryos. Scale bar:
50 mm.
(D) Enlarged views of (C) showing only blue Hoechst staining. Shrunken nuclei
with intense staining can be observed throughout the telencephalic neuro-
epithelium of mutants only (arrows), indicative of apoptosis.
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phalic precursor cells were undergoing cell death at once in
16–18-somite stage mutants, whereas little cell death could be
detected in controls except in the midline where it normally
occurs (Figure 1C; Figure S2A). Cell death is also observed in
the ectoderm and mesoderm surrounding the telencephalon in
mutants accounting for the truncation of all anterior tissues.
Despite the relatively high percentage of dying cells, the number
of telencephalic cells positive for the mitotic marker phosphohi-
stone H3 (p-HH3) and the general proliferative marker Ki67 are
unaffected at the 16–18-somite stage (Figure S2B and data not
shown). The number of P-HH3+ telencephalic cells is also
unaffected 4–5 hr earlier at the 13-somite stage just prior to
a detectable increase in cell death (Figure S2D). This suggests
that proliferation may be unaffected, although changes in
some cell cycle parameters, which can not be readily measured
due to the short time frame between recombination of Ctnnb1
and cell death, are still possible. A lack of change in the numbers
of P-HH3+ cells is also consistent with the possibility that cells
are becoming postmitotic immediately before or as they die.
Nevertheless, the truncation and loss of anterior tissue is due
to cell death.
As well as a central role in canonical WNT signaling, b-catenin
also plays an important role in cell adhesion (Nelson and Nusse,
2004). Hence it is possible that the cell death observed in the
Ctnnb1cko/cko mutant is due to the dissociation of cells from
the neuroepithelium as cell adhesion becomes impaired, as
previously suggested (Junghans et al., 2005). However, a crucial
role for canonical WNT signaling in maintaining cell survival is
apparent from the experiments presented here. First, at the
16–18-somite stage, although telencephalic cells are dying in
large numbers, they have not yet dissociated from the neuroepi-
thelium, which maintains a normal apical structure based on
immunostaining for PAR3 and ZO1, two tight junction markers
(Figures 2B–2D). Strikingly, immunostaining for b-catenin itself
reveals that this protein is still present at the apical surface in
mutants, similar to controls, suggesting that at this subcellular
location it is more stable than in the cytosol or nucleus where it
normally mediates WNT signaling and where levels are difficult
to detect with this antibody in either controls or mutants (Fig-
ure 2A, A00).
Second, a decrease in canonical WNT signaling in the early
telencephalon of the Foxg1Cre;Ctnnb1cko/cko mutants was con-
firmed by assessing levels of the Tcf-lacZ transcript, which
should only be produced when a nuclear TCF/LEF/b-catenin
complex binds the Tcf regulatory elements and activates
expression of lacZ. Real-time quantitative RT-PCR (qRT-PCR)
on telencephalic tissue dissected from 16–18-somite stage
embryos revealed that mutants had a 58% decrease in lacZ
RNA compared with controls (Figure 1D), consistent with a loss
of canonical signaling. Conversely, conditional expression of
a stabilized b-catenin allele, Ctnnb1Dex3 in which exon 3 that
encodes the residues that trigger protein degradation is floxed
(Harada et al., 1999), led to a 5-fold increase in lacZ RNA levels
(Figure S2C). Therefore, Tcf-lacZ RNA levels reflect levels of
b-catenin activity in the canonical WNT pathway, which medi-
ates gene transcription. Note that the b-galactosidase protein
expressed from the Tcf-lacZ reporter in the Ctnnb1cko/cko
mutants is too stable to report real-time decreases in canonicalDeveWNT signaling with either X-gal or anti-b-gal staining within the
relevant time frame (less than 12 hr between the initiation of
recombination at 10 somites and the loss of tissue at 18 somites)
(data not shown).
Third, the cell death phenotype observed in Ctnnb1cko/cko
mutant embryos could be recapitulated using WNT inhibitors in
cultures of telencephalic explants. Whole telencephalic tissue
was dissected from 16–18-somite stage Tcf-lacZ embryos andlopmental Cell 20, 689–699, May 17, 2011 ª2011 Elsevier Inc. 691
Figure 3. Inhibition ofWNTActivity Causes Telencephalic Cell Death
(A) TUNEL staining of vehicle-treated (control), DKK1-treated (1 mg/ml), and
sFRP1-treated (1 mg/ml) telencephalic explants after 48 hr culture. Scale bar:
100 mm.
(B) Application of both DKK1 (n = 4) and sFRP1 (n = 3) resulted in 30%–40% of
cells dying, a greater than 10-fold increase compared with control explants
(n = 3). Quantification of cell death was obtained by counting all cells in all
sections of at least three explants of each type, excluding cells within 25 mm
from the edges of the explants (compared with control: p = 0.0021 for DKK1
and 0.0002 for sFRP1, mean ± SEM).
(C) qRT-PCR analysis of the Tcf-lacZ transcript from vehicle-treated control
(n = 5) and DKK1-treated explants (n = 4) reveals a 60% decrease in levels of
lacZ RNA (**p < 0.01, mean ± SEM).
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sFRP1. Application of either inhibitor resulted in between
30%–40% of TUNEL-positive cells after 48 hr, a greater than
10-fold increase compared to control explants (Figures 3A and
3B). This increase in cell death coincided with a60% decrease
in levels of lacZmRNA, suggesting that a substantial decrease in
WNT signaling is responsible for cell death (Figure 3C). Together
these results indicate that a reduction of canonical WNT
signaling causes cell death in telencephalic precursors. More-
over, the experiments presented in the sections below reveal
that b-catenin promotes cell survival by transcriptionally acti-
vating and repressing prosurvival and apoptotic genes, respec-
tively, rather than maintaining cell adhesion.
b-Catenin Is Required to Promote FGF Signaling
The phenotype of the Foxg1Cre;Ctnnb1cko/cko mutants, loss of
the telencephalon and surrounding craniofacial structures due
to rapid cell death (Figures 1B and 1C), bears a striking similarity
to the phenotype obtained by conditionally deleting three FGF
receptor genes using the same Foxg1Cre driver (Paek et al.,
2009). The similarity in phenotypes suggests a possible regula-
tory interaction between b-catenin and FGF signaling in the early
telencephalon. Abolishing FGF signaling was previously shown
not to affect expression of WNT ligand genes in the dorsal telen-
cephalic midline (Paek et al., 2009). However, the converse, that
b-catenin regulates expression of FGF ligand genes, remained
possible.
Several FGF ligand genes, including Fgf8, Fgf17, and Fgf18,
are expressed at the anterior tip of the early telencephalon
(Maruoka et al., 1998). By RNA in situ hybridization on whole692 Developmental Cell 20, 689–699, May 17, 2011 ª2011 Elsevier In16–18-somite stage embryos, expression of Fgf8 at the anterior
tip of the embryo was greatly decreased or absent in
Ctnnb1cko/cko mutants (Figure 4A). Conversely, expression
became wide spread in the telencephalic neuroepithelium of
Ctnnb1+/Dex3 mutants, most dramatically as observed in E10.0
sections (Figure 4B). Even later in development, conditional
expression ofCtnnb1Dex3 using a dorsal telencephalicCre driver,
Emx1Cre (Gorski et al., 2002), resulted in ectopic cortical Fgf8
expression (data not shown).
Importantly, at the 16–18-somite stage when b-catenin is
required for cell survival (Figure 1), RNA levels for Fgf8, Fgf17,
and Fgf18measured using qRT-PCR are significantly decreased
in theCtnnb1cko/cko telencephalon (Figure 4C;50%decrease in
all cases; note that differences observed by qRT-PCR are likely
underestimates due to mispriming). Similar drops in Fgf8, Fgf17,
and Fgf18 expression are observed in cultured telencephalic
explants treated with DKK1, confirming that reduction in
expression is due to loss of WNT signaling (Figure 4C). Fgf
gene expression is decreased in these explants after 48 hr
(when cell death is easily detected, Figures 3 and 4C) and even
after only 24 hr (a time point that precedes a detectable increase
in cell death; Figure 4C and data not shown), consistent with
a causal relation between loss of FGF signaling and cell death.
Moreover, the RNA level of Spry1, a gene whose transcription
is induced by FGFs (Mason, 2007), is also reduced after 48 hr
by 55% and 41% in Ctnnb1cko/cko mutants and DKK1-treated
explants, respectively, indicating that b-catenin-mediated WNT
signaling is required not only for FGF expression, but also activity
(Figures 4C and 5D). Note that the decrease in the levels of
transcripts is not a result of having less viable cells since it can
occur prior to detectable cell death, since amounts are normal-
ized to Gapdh and Hprt levels, and since the expression of at
least one other gene is upregulated (see below). Conversely,
RNA levels for the Fgf genes are increased between 1.5- and
2.6-fold in the Ctnnb1+/Dex3 mutants (Figure 4C). The in vivo
mutant analysis together with the use of DKK1 in culture suggest
that b-catenin-mediated WNT signaling regulates Fgf activity in
the early telencephalon.
In the presence of WNTs, b-catenin is stabilized and translo-
cates to the nucleus where it associates with the TCF/LEF
transcriptional complex to regulate the expression of WNT-
responsive genes (Logan and Nusse, 2004). Therefore b-catenin
may directly regulate transcription of FGF genes. Using the
consensus TCF/LEF binding site to scan the genomic regions
surrounding Fgf8, a potential site was identified in the 50 region
(3120 base pairs from the ATG start codon; note that no TCF/
LEF binding sites were identified in sequences surrounding
Fgf8 that were previously suggested to act as enhancers; Beer-
mann et al., 2006). In addition, there are three potential TCF/LEF
binding sites upstream of Fgf18 (467–882 base pairs from the
ATG start site; Reinhold and Naski, 2007). To determine whether
b-catenin is directly associated with these sites in telencephalic
cells in vivo, microchromatin immunoprecipitation (mChIP) fol-
lowed by qPCR was performed using telencephalons isolated
from wild-type 16–18-somite stage embryos. Immunoprecipita-
tion with an anti-b-catenin antibody led to 4.5- and 21-fold
enrichment (over nonspecific IgG) in DNA containing the TCF/
LEF binding sites from Fgf8 and Fgf18, respectively (Figure 4D).
In contrast, sequences from the Gapdh promoter or otherc.
Figure 4. b-Catenin Directly Promotes FGF
Signaling
(A) Whole-mount RNA in situ hybridization of
16–18-somite stage embryos shows a decrease in
Fgf8 expression (purple) at the anterior tip of the
embryo (arrows) in Ctnnb1cko/cko mutants. Scale
bar: 500 mm.
(B) RNA in situ hybridization of control and
Ctnnb1+/Dex3 embryos on coronal and sagittal
sections using a radioactive Fgf8 probe. Fgf8 ex-
pression (white) is wide spread in the telencephalic
neuroepithelium (arrowhead) of Ctnnb1+/Dex3
mutants compared with the restricted midline
expression in controls. t: telencephalon. Scale bar:
500 mm.
(C) qRT-PCR analyses indicate that not only is Fgf
gene expression reduced with loss of b-catenin/
WNT signaling, but also expression of Spry1,
a downstream marker for signaling. RNA levels for
Fgf8, Fgf17, and Fgf18 are significantly decreased
(50%) in both the Ctnnb1cko/cko telencephalon
(left; n = 4 each for control and mutant) and
cultured telencephalic explants treated with
DKK1 after 24 and 48 hr (right; n = 5 each
for control and mutant); p values are between
0.0006 and 0.08, and between 0.008 and 0.03,
respectively, mean ± SEM. The RNA level of Spry1
is also reduced by 55% in Ctnnb1cko/cko mutants
(p = 0.002, mean ± SEM; mutant: n = 4, control:
n = 3). Conversely, levels of Fgf and Spry1
expression are increased by 150 - 260% in
Ctnnb1+/Dex3 mutants (p between 0.01 and 0.001,
mean ± SEM).
(D) mChIP assay with b-catenin antibody followed
by qPCR for control and Tcf-lef binding site
regions of Fgf8 (left) and Fgf18 (right) using
telencephalons from wild-type 16–18-somite
stage embryos (difference compared with Gapdh:
p = 0.03 and 0.004, respectively, mean ± SEM).
Telencephalons from 20 and 30 embryos were
used to perform four and six independent mChIP
experiments for Fgf8 and Fgf18, respectively (five
embryos per assay).
(E) Luciferase activity was measured in dissoci-
ated 16–18-somite stage telencephalic cells from
control (n = 6) and Ctnnb1+/Dex3 (n = 3) embryos. Cells were transfected with Fgf18 reporter constructs after 16 hr in culture. Activity was 3.2-fold higher in
Ctnnb1+/Dex3 cells with the wild-type construct than either control cells with the wild-type construct or Ctnnb1+/Dex3 cells with the mutated construct (p = 0.03,
mean ± SEM).
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riched. Thus, b-catenin is specifically associated with TCF/LEF
binding sites upstream of both Fgf8 and Fgf18.
Whether binding of b-catenin to the TCF/LEF sites regulates
transcription of Fgf18 was addressed with a reporter assay in
which luciferase expression was driven by the Fgf18 upstream
sequences containing either wild-type or mutated TCF/LEF
binding sites, as described (Reinhold and Naski, 2007). Dissoci-
ated telencephalic cells from 16–18-somite stage control or
Ctnnb1+/Dex3 embryos were transfected with the constructs
and cultured for 16 hr. Luciferase activity with the wild-type
TCF/LEF binding sites was more than three times higher in
Ctnnb1+/Dex3 cells than control cells, whereas no increase was
detected with the mutated construct (Figure 4E). This suggests
that b-catenin-mediated WNT signaling directly regulates levels
of Fgf gene transcription in the early telencephalon. In addition,Deveb-catenin-mediated cell survival in the neuroepithelium is likely
autonomous to this cell layer since FGF genes are directly
promoted by b-catenin and specifically upregulated in the neuro-
epithelium and not the surrounding tissues of Ctnnb1+/Dex3
mutants (Figure 4B). This leaves open the possibility that cells
in the surrounding mesoderm and ectoderm die due indirectly
to the death of neuroepithelial cells.
FGFs Mediate b-Catenin-Dependent Cell Survival
Given that the Ctnnb1cko/cko and Fgfr triple mutant phenotypes
are similar and that b-catenin regulates Fgf gene transcription
(Figures 1, 3, and 4) (Paek et al., 2009), it is possible that
cells die in the Ctnnb1cko/cko mutants due indirectly to a loss of
FGF signaling. This hypothesis was tested by combining the
conditional gain-of-function Ctnnb1+/Dex3 allele with all three
Fgfr loss-of-function alleles to determine whether stabilizedlopmental Cell 20, 689–699, May 17, 2011 ª2011 Elsevier Inc. 693
Figure 5. FGFs Mediate b-Catenin-Depen-
dent Cell Survival
(A) Whole E10.5 embryos showing the presence
of anterior tissue (at), albeit malformed, in the
Ctnnb1+/Dex3 mutant and a truncation of anterior
tissue inboth theFoxg1Cre;Fgfr1cko/cko;Fgfr2cko/cko;
Fgfr3/ triple and Foxg1Cre;Ctnnb1+/Dex3;
Fgfr1cko/cko;Fgfr2cko/cko;Fgfr3/ mutants. d: dien-
cephalon; h: hindbrain; m: midbrain; t: telenceph-
alon. Scale bar: 500 mm.
(B) TUNEL analysis indicates that loss of the
telencephalon in the Ctnnb1+/Dex3;Fgfr triple
mutant is due to cell death at the 16–18-somite
stage (23% TUNEL+ telencephalic precursor
cells; p < 0.0001, mean ± SEM; n = 2 each for
control and mutant) Arrows: telencephalic neuro-
epithelium. Scale bar: 100 mm.
(C) Application of FGF8 (50 ng/ml) to DKK1 treated
explants for 48 hr leads to a substantial rescue of
cell death (p < 0.0001, mean ± SEM; control: n = 3,
mutant: n = 2). Scale bar: 100 mm.
(D) qRT-PCR reveals a 41% decrease of Spry1
RNA in explants treated with DKK1 alone (n = 5)
compared with vehicle-treated controls (n = 8) and
a restoration of levels to 88% of control in DKK1
plus FGF8 treated explants (n = 4) (***: p < 0.0001,
*: p < 0.05, mean ± SEM).
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cient to rescue the cell death that is due to loss of FGF signaling.
The Ctnnb1+/Dex3mutation on its own exhibits disorganization of
the anterior embryo, but without detectable cell loss (Figures 4B
and 5A). As with Fgfr triple mutants, the Foxg1Cre;Ctnnb1+/Dex3;
Fgfr1cko/cko;Fgfr2cko/cko;Fgfr3/ quadruple mutants at E10.5
exhibited a severe truncation of the telencephalon and
surrounding tissues (Figure 5A; also similar to the Ctnnb1cko/cko
mutants, Figure 1B). Although not a focus of this study, the optic
vesicles are enlarged in the quadruple mutants similar to the
Ctnnb1+/Dex3 mutants. As with the Ctnnb1cko/cko and Fgfr triple
mutants, loss of the telencephalon in the quadruple mutants
was due to extensive cell death (23% of telencephalic cells
were TUNEL+ at the 16–18-somite stage, Figure 5B). Therefore,
stabilized b-catenin and constitutive WNT signaling are not suffi-
cient to rescue the survival of cells that lack FGF signaling.
These results do not exclude the possibility that FGFs in
a parallel manner are also dependent on b-catenin-mediated
WNT signaling to promote survival. This possibility was tested
using exogenous FGFs in an attempt to rescue the cell death
observed in telencephalic explants treated with the WNT antag-
onist DKK1. As above, DKK1 treatment for 48 hr increased
the fraction of TUNEL+ cells to 26%comparedwith 2% in control
explants (Figures 3A, 3B, and 5C). However, in explants treated
with both DKK1 and FGF8, cell death was significantly rescued
(only 5%TUNEL+ cells). Consistentwith FGFsignaling regulating
survival, the level of Spry1 RNA measured by qRT-PCR is
decreased 41% in DKK1 treated explants compared with
controls and the level is restored to 88% of controls in explants
treated with both DKK1 and FGF8 (Figure 5D). Therefore,694 Developmental Cell 20, 689–699, May 17, 2011 ª2011 Elsevier Inalthough WNT signaling is dependent on FGF signaling to pro-
mote cell survival, FGF signaling does not requireWNT signaling.
SMAD4 Mediates Cell Death in Ctnnb1cko/cko Mutants
Members of the TGF-b family of secreted factors are known to
promote programmed cell death during development. For
example, BMPs are necessary and sufficient to cause cell death
in telencephalic precursor cells and TGF-b is required for the
normal death of ciliary, dorsal root, and spinal motor neurons
(Fernandes et al., 2007; Furuta et al., 1997; Krieglstein et al.,
2000; Ohkubo et al., 2002). Notably, in the limb bud, loss of
Bmpr1a upregulates FGF expression which inhibits interdigital
cell death leading to webbed-feet (Pajni-Underwood et al.,
2007). Therefore we reasoned that the widespread cell death in
the Ctnnb1cko/cko and Fgfr triple mutants might be due to
unchecked TGF-b signaling.
To test this hypothesis, a floxed allele of Smad4 (Yang et al.,
2002), which encodes an intracellular mediator of canonical
TGF-b signaling, was conditionally disrupted in Ctnnb1cko/cko
mutants. In Foxg1Cre;Smad4cko/cko;Ctnnb1cko/cko double
mutants at the 16–18-somite stage, TUNEL staining in the telen-
cephalic neuroepithelium was reduced to control levels (1%
TUNEL+ cells) compared with 23% in Ctnnb1cko/cko single
mutants (Figures 1C and 6). Loss of Smad4 on its own had no
obvious phenotype, with levels of cell death in these mutants
similar to wild-type controls (data not shown). Together these
data indicate that Smad4 is essential for mediating the death
observed in the Ctnnb1cko/cko mutants and likely the Fgfr triple
mutants. Loss of Smad4 does not, on the other hand, rescue
the delamination of telencephalic precursors that is due to thec.
Figure 6. Smad4 Mediates Cell Death in Ctnnb1cko/cko Mutants
Horizontal sections from 16–18-somite stage control, Ctnnb1cko/cko, Smad4cko/cko;Ctnnb1cko/cko, and Bmpr1acko/cko;Bmpr1b/;Ctnnb1cko/cko mutants. In
Smad4cko/cko;Ctnnb1cko/cko double mutants the percentage of TUNEL+ cells in the telencephalic neuroepithelium (arrows) was reduced to control levels (1%,
p = 0.76; n = 4) compared with 23% in Ctnnb1cko/ckomutants (p < 0.0001). However, cell death remains high in Bmpr1acko/cko;Bmpr1b/;Ctnnb1cko/ckomutants
(n = 3). Scale bar: 100 mm.
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the 25–30-somite stage (data not shown).
SMAD4 can potentially mediate signaling of many ligands in
the TGF-b superfamily, including BMPs. To test whether BMP
signaling promotes cell death in the b-catenin mutants, we
examined the anterior end of embryos carrying mutant alleles
of Ctnnb1 as well as Bmpr1a and Bmpr1b, the only two type I
BMP receptor genes expressed in the early telencephalic neuro-
epithelium. Previous studies indicated that deletion of Bmpr1a
using the Foxg1Cre driver occurs between the 10 and 13-somite
stages (Fernandes et al., 2007). Foxg1Cre;Bmpr1acko/cko;
Bmpr1b/-;Ctnnb1cko/cko mutants at the 16–18-somite stage
exhibited similar high levels of cell death as the Ctnnb1cko/cko
single mutants (Figure 6), indicating that ligands other than
BMPs are likely to promote cell death in these mutants.
Other members of the type I family of TGF-b receptors, ALK4,
ALK5, and/or ALK7, were tested for their role in promoting cell
deathwhenWNTsignaling is disrupted.Cell deathwas examined
in 16–18-somite stage telencephalic explants treated with DKK1
with or without the ALK4/5/7 specific inhibitor SB-431542 (Inman
et al., 2002). After 48 hr of culture, TUNEL stainingwas performed
on vehicle-treated (control), DKK1-treated, and DKK1 plus SB-
431542-treated explants. Control and DKK1 plus SB-431542-
treated explants were not significantly different with both having
3% TUNEL+ cells (control: 3.4% ± 0.4%, DKK1+SB-431542:
3.0% ± 0.3%, mean ± SEM), which was significantly different
than the 33.9% ± 6.0% in DKK1-treated explants (p < 0.001).
This suggest that ALK4, 5, or 7 may be the receptors in vivo
that signal through SMAD4 to mediate cell death in the absence
of WNT and FGF signaling. Be that as it may, TGF-b1, a potential
ligand for these receptors, does not increase cell death when
added on its own to cultured telencephalic explants (Figure S3),
suggesting that although signaling through SMAD4 is necessary
for death, it is not sufficient and requires in addition lossof prosur-
vival factors such as FGFs or WNTs.
Cdkn1a Expression Correlates with Cell Death
The survival of the cells that form the telencephalon and
surrounding tissues is not a default state, but appears to beDevetightly regulated by prosurvival (FGFs and WNTs) and
proapoptotic signals (TGF-bs) in their environment. p21Cip1
is able to promote cell death (Gartel and Tyner, 2002) and the
transcription of its gene, Cdkn1a, is at least in part regulated
by a balance of activation by the SMAD-FOXO complex
and repression by the MYC MIZ complex (Seoane et al., 2002,
2004).
To determine whether Cdkn1a expression reflects the
survival state of anterior cells in the different mutants above,
anti-p21Cip1 immunostaining was performed on sections of
16–18-somite stage embryos. In controls and Smad4cko/cko
mutants, in which hardly any cells are dying, few p21Cip1+
cells were observed in the telencephalic neuroepithelium
(2%; Figures 7A and 7B). In contrast, 26% and 35% of cells
were p21Cip1+ in Ctnnb1cko/cko and Ctnnb1+/Dex3;Fgfr1cko/cko;
Fgfr2cko/cko;Fgfr3/ mutants (Figures 7A and 7B), in which
there is extensive cell death. Moreover, in the Smad4cko/cko;
Ctnnb1cko/cko mutants in which cells are rescued, but not in the
Bmpr1acko/cko;Bmpr1b/;Ctnnb1cko/cko mutants in which cell
death still occurs, the number of p21Cip1+ cells almost returned
to control levels (5%; Figures 7A and 7B and data not shown).
Hence, p21Cip1 expression correlates strongly with levels of
cell death in the early telencephalon of the different mutants
examined.
The changes in p21Cip1 expression observed in the different
mutants were corroborated using cultured explants for which
relative levels of Cdkn1a RNA were compared by qRT-PCR.
Compared to vehicle treated controls, DKK1 treatment led to
a 43% increase in Cdkn1a RNA levels (Figure 7C), consistent
with the increase in cell death observed in these explants
(Figures 3A and 3B). Moreover, addition of FGF8 or SB-431542
to DKK1-treated explants, which both rescued cell death (Fig-
ure 5C and see text above), led to a significant decrease in levels
of Cdkn1a RNA compared with DKK1 alone (45% and 81%
decreases, respectively; Figure 7C). Taken together, the levels
of Cdkn1a expression observed in vivo and in vitro further
support the conclusion that b-catenin-mediated FGF activity
promotes cell survival and that in the absence of this activity
cell death is driven by SMAD4.lopmental Cell 20, 689–699, May 17, 2011 ª2011 Elsevier Inc. 695
Figure 7. Cdkn1a Expression Is Repressed by WNTs and FGFs and Promoted by TGF-b/SMAD4
(A) Horizontal sections from 16–18-somite stage control, Ctnnb1cko/cko, and Smad4cko/cko;Ctnnb1cko/cko mutants immunostained for p21Cip1 (dashed boxed
areas in the top row are shown enlarged in the bottom row). Scale bar: 100 mm.
(B) In controls, few p21Cip1+ cells were observed in the telencephalic neuroepithelium, whereas the number is increased in both Ctnnb1cko/cko (n = 4) and
Ctnnb1+/Dex3;Fgfr1cko/cko;Fgfr2cko/cko;Fgfr3/ (n = 2) mutants. In Smad4cko/cko;Ctnnb1cko/cko mutants (n = 3), the number of p21Cip1+ cells returns close to
control levels (***p < 0.0001, mean ± SEM).
(C) Comparedwith controls (n = 8), DKK1-treated explants (n = 4) show an increase inCdkn1aRNA levels by qRT-PCR. The addition of FGF8 (n = 4) or SB-431542
(n = 5) to DKK1-treated explants leads to a significant decrease in levels of Cdkn1a RNA compared with DKK1 alone (*: p < 0.05, **: p < 0.01, mean ± SEM).
(D) A mChIP assay using SMAD4 and phospho-SMAD2 antibodies reveals an increased association of these proteins to the SBE sites upstream of Cdkn1a in
16–18-somite stage telencephalons from Ctnnb1cko/cko embryos compared with controls (p < 0.01, mean ± SEM). Thirty telencephalons of each genotype were
used for three independent mChIP assays for each antibody (five telencephalons per assay).
(E) Model for how pro- (green) and anti-apoptotic (red) factors regulate cell survival; the FOXO/SMAD complex promotes Cdkn1a expression whereas the
MYC/MIZ complex represses it (see Discussion for details; adapted from Seoane et al., 2004).
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but also provides a focal point for understanding the mecha-
nisms by which a cell can integrate antagonistic signals. In
cultured neural cell lines, activation of SMAD2, 3, and 4 in
response to TGF-b can promote Cdkn1a transcription in two
ways. First, SMADs bind to Smad Binding Elements (SBEs)
upstream of Cdkn1a as part of a SMAD/FOXO complex
that promotes transcription, and second SMAD activation sup-
presses Myc expression, which represses Cdkn1a expression
(Figure 7E) (Chen et al., 2002; Seoane et al., 2004). Since
b-catenin and FGFs promote Myc expression in other cell types
(Cavalieri and Goldfarb, 1987; He et al., 1998; Medici et al.,
2008), increased Cdkn1a expression in Ctnnb1cko/cko mutants is
likely due at least in part to reduced Myc expression. Indeed,
Myc RNA is significantly decreased in Ctnnb1cko/cko mutants
compared with controls when measured by qRT-PCR (30%
decrease; control: 1.00 ± 0.07, mutant: 0.70 ± 0.07, p = 0.036,
mean ± SEM, Figure S4). In contrast, Foxo1, Foxo3a, and
Foxo4RNA levels appear unaffected in thesemutants (FigureS4).
However, a change in Myc RNA levels does not exclude the
possibility that loss ofCtnnb1 also promotes Cdkn1a expression
through increased SMAD activity. To address this possibility,696 Developmental Cell 20, 689–699, May 17, 2011 ª2011 Elsevier InmChIP assays were performed on 16–18-somite stage telence-
phalic tissue using anti-SMAD4 and anti-phospho-Smad2/3
antibodies to determine the levels of SMADs bound to the
SBEs upstream of Cdkn1a in control and Ctnnb1cko/cko mutants.
Cdkn1a sequences were significantly enriched by 1.6- and
1.3-fold in Ctnnb1cko/cko mutants compared with controls for
SMAD4 and phospho-SMAD2/3, respectively, indicating in-
creased binding of these factors to the Cdkn1a SBEs in the
mutant (Figure 7D). Increased binding of SMAD4 is not likely
due to increased levels of SMAD4 protein, since these appear
unaffected in Ctnnb1cko/cko telencephalons or telencephalic
explants treated with DKK1 or FGF8 (Figures S4C and S4D).
Hence, b-catenin may repress Cdkn1a expression both by
repressing SMAD activity and promoting Myc expression.
DISCUSSION
Our results reveal how extracellular signals regulate the survival
of precursor cells in the anterior head of the embryo. In response
to WNTs, b-catenin activates FGF expression and function,
which is essential for cell survival. In maintaining cell survival,
FGFs are epistatic to WNT signaling since b-catenin is entirelyc.
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can promote cell survival in the absence ofWNT signaling. More-
over, without WNT signaling, the apoptotic activity of SMAD4-
mediated TGF-b signaling goes unchecked leading to cell death.
Regulation of FGFs and Cell Survival
WNTs are not the only factors that promote FGF ligand expres-
sion in the early anterior embryo. SHH is also essential for main-
taining expression of FGF genes (Ohkubo et al., 2002; Rash and
Grove, 2007). In Shh/ mutants, telencephalic precursors and
surrounding tissues undergo higher than normal rates of cell
death and the anterior head is severely reduced in size, consis-
tent with the loss of FGFs in these mutants (Chiang et al.,
1996; Fernandes et al., 2007; Rash and Grove, 2007). Moreover,
both gain- and loss-of-function studies demonstrate that SHH in
generating ventral telencephalic cells acts genetically upstream
of FGFs; namely, SHH indirectly activates FGFs by inhibiting
GLI3-repressor activity (He´bert and Fishell, 2008). Thus WNTs
and SHH are each independently required to promote FGF
expression and function, without which most or all telencephalic
precursor cells die.
WNTs are predominantly expressed in the dorsomedial telen-
cephalon whereas SHH is restricted to a ventromedial domain,
both of which flank the anterior-medial domain of FGF expres-
sion (Monuki and Walsh, 2001). Here, b-catenin is shown to
directly bind and transcriptionally activate FGF genes. In the
wild-type telencephalon, despite widespread TCF-lacZ expres-
sion throughout the telencephalon (Figure 1; Figure S1), only
cells in the anterior part express FGFs. On the other hand, with
increased b-catenin activity (using the Ctnnb1Dex3 mutants),
Fgf8 expression is upregulated throughout the neuroepithelium
(Figure 4B), suggesting that normal levels of the b-catenin/TCF
complex are insufficient to promote expression of FGF genes
throughout the neuroepithelium, but perhaps sufficient to prime
their promoters. This also suggests that another factor, such as
SHH signaling, may be required in combination with WNT
signaling to induce FGF expression, potentially explaining why
only anterior medial cells normally express FGFs. Whether
GLI3, acting downstream of SHH, also directly regulates FGF
gene expression remains unclear. In any case, it is interesting
to speculate that FGF function is regulated by both dorsal and
ventral cues to coordinate the survival and expansion of the
broad dorsal and ventral areas of the early telencephalon.
Regulation of Cdkn1a
Cdkn1a expression in the telencephalon correlates with cell
death (Figure 7). Therefore, whether or not Cdkn1a expression
itself induces apoptosis, understanding how Cdkn1a expression
integrates the same signaling pathways that regulate apoptosis
may provide a paradigm for understanding how cell survival is
controlled in the nascent telencephalon. FGFs are likely to
repressCdkn1a expression in two ways. The first is by activating
Foxg1, whose expression depends on FGFs (Paek et al., 2009;
Shimamura and Rubenstein, 1997). Importantly, FOXG1 binds
the FOXO/SMAD complex and inhibits it from activating Cdkn1a
expression (Seoane et al., 2004). Consistent with this mecha-
nism, although loss of b-catenin activity does not seem to affect
expression levels of FOXO or SMAD4 (Figure S4), the binding of
SMADs to the SBEs of Cdkn1a is increased in the Ctnnb1cko/ckoDeve(b-catenin) mutant, in which FGF activity is lost (Figure 7D). This
increased binding at the SBE sites is therefore likely due at least
in part to reduced inhibition by FOXG1.
Second, FGFs are likely to inhibit Cdkn1a expression by
promoting MYC expression and activity. MYC, acting in
a complex with MIZ, directly represses Cdkn1a (Chen et al.,
2002; Seoane et al., 2002). In Ctnnb1cko/cko mutant telencepha-
lons, in which FGF expression is lost,Myc RNA is decreased. In
addition, MYC protein is stabilized and activated by mitogen
signaling through the Erk and Akt pathways (Albihn et al.,
2010; Dai et al., 2006; Lutterbach and Hann, 1994; Sears et al.,
2000), which are activated by FGFs. Therefore, repression of
Cdkn1a by WNTs and FGFs occurs indirectly in at least two
ways, through FOXG1 and through MYC (Figure 7E). On the
other hand, activation of Cdkn1a expression by SMAD4 is likely
to be direct given that a FOXO/SMAD complex can directly bind
sequences upstream of Cdkn1a and activate its transcription
(Seoane et al., 2004). In sum, this study provides a framework
for understanding how key factors regulate the survival of the
precursor cells that form the anterior head of the embryo.
EXPERIMENTAL PROCEDURES
Generation of Mutant Embryos
The crosses used in this study are listed in a table in the Supplemental
Experimental Procedures along with references for the alleles not already
listed in the text.
Explant Cultures
The telencephalon (both sides including the ventral midline) was dissected
from 16–18-somite stage embryos. Isolated telencephalic tissue was cultured
on a micropore floating filter (Falcon) on DMEM (GIBCO) supplemented with
10% FBS and streptomycin/penicillin in a 5% CO2 incubator at 37
C for
48 hr (unless otherwise specified). DKK1 or sFRP (both 1 mg/ml, R&D), FGF8b
(50 ng/ml, R&D), WNT3A (100 ng/ml, R&D), TGF-b1(12.5 ng/ml, R&D), or SB-
431542 (2 mM, Tocris) were added to the media immediately after placing the
explants on the filters.
RNA Is Situ Hybridization
35S-labeled and digoxygenin (DIG)-labeled RNA in situ hybridizations were
carried out as described previously (Paek et al., 2009).
Cell Proliferation and TUNEL Assays
Horizontal sections of 16–18-somite stage embryos were used for either phos-
pho-histone H3 (P-HH3) staining, as previously described (Storm et al., 2006),
or for TUNEL analysis according to the manufacturer’s specifications (Roche).
Hoechst 33342 was used as a counterstain. The fraction of P-HH3+ or TUNEL+
cells was determined by counting the number of these cells in a segment of
Foxg1 expressing telencephalic neuroepithelium divided by the total number
of cells (Hoechst+) in that segment. Segments excluded a 90 wedge at the
most anterior tip, where cell death normally occurs even in controls, and
extended to the start of the optic stalk. At least three segments are counted
in each case and there positions along the dorsal-ventral axis are matched
between controls and mutants. For explants, the tissue was isolated after
48 hr of culture, frozen in OCT, sectioned and assayed for TUNEL. The fraction
of TUNEL+ cells was determined by counting the number of these cells within
25 mm from the periphery (which often exhibited high levels of death regardless
of treatment due presumably to dissection and manipulation) divided by the
total number of cells (Hoechst+). At least three segments from each of three
separate samples are counted for each treatment condition. Statistical anal-
ysis was performed with the unpaired two-tailed student’s t test.
Immunofluorescence
Immunostaining was performed as previously described (Kang et al., 2009)
on 16–18-somite stage embryos. The primary antibodies used are: rabbitlopmental Cell 20, 689–699, May 17, 2011 ª2011 Elsevier Inc. 697
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Opposing Signals Control Embryonic Cell Survivalanti-SMAD4 (1:150, Millipore), rabbit anti-PH3 (1:200, Millipore), mouse anti-
PAR3 (1:4, Hybridoma Bank), rabbit anti-cleaved Caspase 3 (1:200, cell signal
Technology), rabbit anti-b-catenin (1:100, Upstate), rabbit anti-p21 (1:25,
abcam), mouse anti-b-galactosidase (1:1000, Hybridoma Bank), mouse anti-
ZO1(1:4, Hybridoma Bank) and mouse anti-PAR-3 (1:2, Hybridoma Bank).
Cell counts were quantified and compared using the unpaired two-tailed
student’s t test.
Real-Time Quantitative PCR
Total RNA was prepared from individual 16–18-somite stage telencephalons
or cultured telencephalic explants using PureLink RNA Mini Kit (Invitrogen)
following themanufacturer’s instructions. 0.2 mg of total RNAwas reverse tran-
scribed using Superscript III Reverse Transcriptase (Invitrogen). Real-time
PCR was carried out in triplicate with a SYBR Green PCR mixture (Applied
Biosystems) in an ABI PRISM 7300 real-time PCR system (Applied Biosys-
tems). After normalization with Gapdh and Hprt1, relative RNA levels in
samples were calculated by the comparative threshold cycle (Ct) method.
The amplification efficiency was not calculated (and assumed to be 100%)
due to limited quantities of cDNA. The sequences of primers for qRT-PCR
are listed in a table in the Supplemental Experimental Procedures. Statistical
comparisons were done using the unpaired two-tailed student’s t test.
Micro ChIP Assay
Micro ChIP (mChIP) assays were carried out on 16–18-somite stage telenceph-
alons (5 per assay) as described previously (Dahl and Collas, 2008). Normal
mouse IgG was used as a control for each crosslinked extract to normalize
for nonspecific antibody binding. Five micrograms of antibodies was used
for immunoprecipitation; rabbit anti-b-catenin (Millipore), anti-SMAD4 (Santa
Cruz), and anti-phospho-SMAD2 (Millipore). Levels of associated DNA frag-
ments were assessed by qPCR and quantified using the unpaired two-tailed
student’s t test. Primer sequences are provided in a table in the Supplemental
Experimental Procedures.
Luciferase Reporter Assays
Plasmids comprised of the wild-type or mutant mouse Fgf18 promoter have
been previously described (Reinhold and Naski, 2007). Telencephalic cells at
the 16–18-somite stage were dissociated in 0.5% trypsin-EDTA at 37C for
5 min, placed in 96-well plates (103 cells per well), and transfected using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.
After 16 hr, luciferase activity was analyzed using the Dual luciferase Assay
System (Promega). Statistical analysis was done using the unpaired two-tailed
Student’s t test.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at doi:10.1016/
j.devcel.2011.04.010.
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